Abstract Cigarette smoking is an environmental risk factor for many chronic diseases, and disease risk can often be managed by smoking control. Smoking can induce cellular and molecular changes, including epigenetic modification, but the short-and long-term epigenetic modifications caused by cigarette smoking at the gene level have not been well understood. Recent studies have identified smoking-related DNA methylation (DNAm) sites in Caucasians. To determine whether the same DNAm sites associate with smoking in African Americans, and to identify novel smoking-related DNAm sites, we conducted a methylome-wide association study of cigarette smoking using a discovery sample of 972 African Americans, and a replication sample of 239 African Americans with two array-based methods. Among 15 DNAm sites significantly associated with smoking after correction for multiple testing in our discovery sample, 5 DNAm sites are replicated in an independent cohort, and 14 sites in the replication sample have effects in the same direction as in the discovery sample. The top two smoking-related DNAm sites in F2RL3 (factor II receptor-like 3) and GPR15 (Gprotein-coupled receptor 15) observed in African Americans are consistent with previous findings in Caucasians. The associations between the replicated DNAm sites and smoking remain significant after adjusting for genetic background. Despite the distinct genetic background between African Americans and Caucasians, the DNAm from the two ethnic groups shares common associations with cigarette smoking, which suggests a common molecular mechanism of epigenetic modification influenced by environmental exposure.
Introduction
DNA methylation (DNAm) at CpG sites provides molecular adaptability (Manolio et al. 2009; Suzuki and Bird 2008; van der Maarel 2008) and complexity (Lister et al. 2009 ) in the human genome by allowing gene expression to respond to environmental changes. This flexibility may contribute to disease risk by dysregulating gene expression Electronic supplementary material The online version of this article (doi:10.1007/s00439-013-1311-6) contains supplementary material, which is available to authorized users.
in an exposure-specific manner (Feinberg 2007 (Feinberg , 2008 Feinberg and Tycko 2004; Jones and Baylin 2002) . Persistent effects of tobacco smoking on pulmonary (Bouloukaki et al. 2011; Willemse et al. 2005) , cardiovascular (Conen et al. 2011; Kawachi et al. 1993 ) and malignant diseases (Mani et al. 2012; Wilhelm-Benartzi et al. 2011) have been widely observed and is indicative of epigenetic reprogramming. In particular, alterations in DNA methylation at both a global (Flom et al. 2011; Furniss et al. 2008; Smith et al. 2007; Terry et al. 2008 ) and locus-specific (Breitling et al. 2011; Wan et al. 2012 ) level have been associated with various diseases and are one potential mechanism mediating the adverse effects caused by smoking.
Tobacco smoking is a leading public health concern affecting more than 1 billion people worldwide and accounts for an estimated 3 million deaths per year (Peto et al. 1996) . The molecular alterations of DNA induced by tobacco smoking have been extensively studied. The prolonged impact of tobacco smoke on various malignant (Luo et al. 2011; Moore et al. 2008; Oka et al. 2009; Smith et al. 2007; Tekpli et al. 2012 ) and non-malignant (Braber et al. 2010; Rea et al. 2002; Willemse et al. 2005 ) chronic diseases has suggested a role for epigenetic reprogramming. Previous studies have identified that global DNA methylation was associated with tobacco smoking in cancerrelated tissues (Furniss et al. 2008; Smith et al. 2007 ), however, the association between global DNA methylation (e.g., LINE-1 and Alu) and tobacco smoking is not evident in normal biosamples (Figueiredo et al. 2009; Kim et al. 2010; Rusiecki et al. 2008; Zhu et al. 2012) . DNAm of several genes has been investigated to explore the epigenetic consequences of smoking. For example, the DNAm sites in the promoter region of COMT associate with smoking status in two independent samples (Xu et al. 2010) . Different methylation levels between smokers and non-smokers were also reported on the untranslated region (UTR) of MAOA (Philibert et al. 2010) . Breitling et al. (2011) screened over 27,000 DNAm sites covering about 14,000 human genes for epigenetic association with cigarette smoking using peripheral blood. One DNAm site located in F2RL3 (factor II receptor-like 3) was robustly associated with smoking status, and this finding was replicated in two independent samples of European ancestry using two experimental assays. Using the same array-based measurement of DNAm, a study of two Caucasian cohorts replicated the smoking-related DNAm site of F2RL3, and identified another DNAm site in GPR15 (G-protein-coupled receptor 15) associated with cigarette smoking (Wan et al. 2012) . Most recently, Shenker et al. (2012) used a higher density array (over 480,000 DNAm sites) to conduct an epigenome-wide association study of cigarette smoking in 374 Europeans. This study replicated the smokingrelated DNAm site of F2RL3, and identified three additional smoking-related loci including the aryl hydrocarbon receptor repressor gene (AHRR). These studies demonstrated that the methylome-wide discovery approach can identify novel genes related to cigarette smoking through epigenetic mechanisms.
Although the reported smoking-related DNAm sites are statistically significant and have been independently replicated, current evidence is limited to Caucasian populations. To determine whether the same epigenetic associations with cigarette smoking are relevant in other ethnic groups, and to discover novel smoking-related DNAm sites, we conducted a methylome-wide association study of smoking exposure in peripheral blood samples of 972 African Americans from Genetic Epidemiology Network of Arteriopathy (GENOA) study, and pursued replication in an independent cohort of 239 African Americans.
Methods

Discovery cohort
In the GENOA study, the status of cigarette smoking was collected from a self-reported questionnaire as ''smoked within the past year'', ''not smoked within the past year'' and ''never smoked''. Two binary variables, ''current smoker'' (i.e., 1 for individuals smoked within the past year) and ''ever smoker'' (i.e., 1 for individuals smoked more than 100 cigarettes) were derived (Giovino 2002) . The number of pack-years was also derived based on the number of years of smoking history and the average amount of cigarette smoking (i.e., multiplying the number of packs of cigarettes smoked per day by the number of years the person has smoked). Age, sex and other phenotypic data were collected from the physical examination and laboratory assessment at the time of the Phase II study visit. The GENOA study was approved by the Institutional Review Boards of all participating institutions. Each participant gave written informed consent.
DNA methylation data
Genomic DNA was extracted from stored peripheral leukocytes (PLC) of 1,008 GENOA (Daniels et al. 2004) Phase II African American (AA) participants, bisulfite converted and then epityped for methylation profiling of 27,578 CpG loci using the Illumina Infinium HumanMethylation27 (27 K) BeadChip (Illumina, San Diego, CA, USA) as previously described (Sun et al. 2010 ). On each Illumina 27 K BeadChip, there are 56 control probes on each chip representing (a) sample independent measures of staining, hybridization, target removal, and DNA extension and (b) sample dependent measures of bisulfite conversion, G/T mismatch, non-polymorphic and negative controls. The sample independent controls allow for the evaluation of the quality of the chip processing steps, while the sample dependent controls allow for the evaluation of the performance across samples. Seven samples were removed from the analysis due to poor bisulfite conversion control efficiency, measured by bisulfite conversion control intensity of less than 4,000. An additional 29 samples were removed from the association analysis due to extreme control probe values, assessed as having at least one control probe with a value of greater than 4 standard deviations from its mean value. The cleaned data set included DNAm profiles of 972 AA individuals from 493 sibships.
We removed sites with control probe values greater than 4 standard deviations from their mean values. To reduce batch effects across samples, the correlation structure among 56 control probes was calculated within each color channel to identify the most parsimonious subset of probes that explained the maximum amount of batch and chip variation. We conducted the normalization by linearly regressing the 13 selected probes (5 probes in the red channel and 8 probes in the green channel) onto the intensity signals from the methylated and unmethylated bead types separately across each DNAm site. We also excluded sites that are located on the X and Y chromosomes. Sites that are deemed multimodal based on the Dip Test proposed by Hartigan and Hartigan (1985) , using a cut-off of p \ 0.001 on either the methylated or nonmethylated signal intensities were set aside for more specialized methods of normalization that take into account their modality. Finally, we flagged the 2,984 sites identified by Chen et al. (2011) as having non-specific binding probes (over 10 % of the probes map to highly homologous genomic sequences at 40 or more of their base pairs), as well as the 875 sites that have probes overlapping with SNPs reported in dbSNP, which may influence the methylation levels reported by the microarray. We separated out these non-specific and polymorphic sites after all analyses to aid in interpretation of results. The data set used in the final analysis included 22,927 autosomal DNAm sites.
Replication cohort
The replication sample consisted of 262 African American subjects recruited as part of the Grady Trauma Project (GTP), a large study investigating the influence of genetic and environmental factors on response to stressful life events in an urban population of low socioeconomic status (Gillespie et al. 2009 ). Briefly, research participants were approached in the waiting rooms of the primary care clinic or obstetrical-gynecological clinic of a large, public hospital while either waiting for their medical appointments or waiting with others who were scheduled for medical appointments. The Kreek-McHugh-Schluger-Kellogg scale (KMSK) was used to quantify self-exposure to tobacco use (Kellogg et al. 2003) . This validated psychometric instrument was used to assess frequency, duration, and amount of tobacco consumed in last 30 days as a single quantitative score. All procedures in this study were approved by the Institutional Review Boards of Emory University School of Medicine and Grady Memorial Hospital.
Genomic DNA samples were extracted from PLC, bisulfite converted and interrogated using the Infinium HumanMethylation450 (450 K) BeadChip (Illumina, San Diego, CA) according to the manufacturer-specified protocol. One sample of male DNA was included on each BeadChip as a technical control throughout the experiment, and reproducibility was assessed with Pearson correlation coefficients. Consistent with the strategy detailed above, a series of sample-dependent and sample-independent control probes were used to assess the quality of each sample as well as chip processing. The QC strategy detailed below was implemented using CpGassoc . Samples with probe detection call rates \90 % were excluded as those with an average intensity value of either \50 % of the experiment-wide sample mean or \2,000 arbitrary units. Unsupervised hierarchical clustering revealed no outliers. In total, four samples were removed based on these criteria; the cleaned data set included DNAm profiles of 239 unrelated AA individuals. Data points with detection p values [0.001 were set to missing, but we limited additional processing (i.e., elimination of probes on the X or Y chromosomes) because this dataset was to be used only for replication of smoking-associated CpG sites identified in the discovery cohort.
The principal components of genome-wide SNP genotype data from the Illumina HumanOmni Express and Omni1-Quad BeadChips (Illumina Inc.) were included in the analysis to adjust for potential population stratification. PLINK (Purcell et al. 2007 ) was used to generate summary statistics for basic quality control determination. The inclusion criteria were as follows: samples with call rates [95 %, and SNPs with a Hardy-Weinberg equilibrium (HWE) p value C10 -5 and a minor allele frequency C0.05. We also examined the genotype data for each sample using PLINK to identify any potential duplicates among the cases and controls, defined as individuals whose genotypes are identical for close to 100 % of SNPs at a significance level of p \ 0.0001. All duplicated samples were excluded prior to analysis. We also used PLINK to evaluate the identityby-state pattern indicative of undisclosed close genetic relation to another sample, defined as a pi-hat [ 0.12. Of the 239 subjects with DNA methylation data, none were duplicated or related to another subject. To control population stratification, we computed principal components on 56,309 independent SNPs pruned from the 589,375 autosomal SNPs passing quality control.
Statistical methods
For each individual sample and DNAm site, the signals from methylated (M) and unmethylated (U) bead types were used to calculate a beta value as b = M/(U ? M). In the discovery phase, we modeled beta values as the dependent variable, with the variables ''current smoker'' and pack-years defined above as the primary independent variables in the association analysis. Linear mixed models were implemented in a multiple regression framework to adjust for the relatedness of the studied individuals, including age and sex as covariates. A Bonferroni-corrected p value of 0.05 (nominal p value of 2.18 9 10 -6 ) and False Discovery Rate (FDR) q value of 0.05 (Giovino 2002) were applied to adjust for multiple testing of 22,927 autosomal DNAm sites. For the DNAm sites that were found to be significantly associated with current smoking status, the beta values were plotted against smoking status, stratified by sex. We mapped smoking-related DNAm sites to known human genes based on chromosomal location (NCBI 36.1). The top ten principal components of 668,293 genome-wide SNP markers were computed among 850 GENOA AAs with both GWAS and DNAm data as previously described (Arnett et al. 2011) . The first two principal components were included as covariates in the regression model to adjust for potential effects of genetic admixture on smoking-related DNAm sites in both discovery and replication cohorts.
DNAm sites from genes with one or more smokingassociated DNAm sites in the GENOA cohort were selected for replication in the GTP sample. For each DNAm site, MethLAB ) was used to examine the association between the methylation beta values and KMSK tobacco use score via a linear regression of beta values (dependent variable) on KMSK score (independent variable), adjusting for age, sex, chip/positional effects and population stratification using the first two principal components computed from genome-wide SNP data (see previous section).
We estimated the proportions of PLC subtypes for each sample using an algorithm developed for 27 K chip data ). The proportions of six different cell types, including granulocyte, monocyte, natural killer cells (NK), B cell, CD4
? and CD8 ? T cells, were projected based on top 100 cell-type specific DNAm sites. We included the proportions of PLC subtypes as covariates to assess the association between DNAm and cigarette smoking in a multiple regression model.
All statistical analyses were performed in the R statistical environment version 2.14.1 (http://www.r-project.org/). The authors had full access to the data and take responsibility for its integrity.
Results
Among 972 AA participants from the GENOA study, 58.3 % had never smoked (''never smoker''), 29.1 % had smoked but not within 1 year before the visit (''former smoker''), and 12.6 % had smoked within the past 1 year (''current smoker''). Males (29.3 %) have higher rates of ''former smoker'' and ''current smoker'' than females (Table 1) . Within the GENOA sample, age is not significantly different between males and females. Females had significantly higher BMI than males, and 80.1 % of males and 83.5 % of females were diagnosed as having hypertension at the time of visit. Using stringent Bonferroni correction for multiple testing in the analyses of linear mixed models to identify smoking-related DNAm sites, we identified 15 autosomal DNAm sites significantly associated with current smoking using a Bonferroni-corrected p value of 0.05 (Table 2) . There are 89 DNAm sites associated with current smoking with FDR q value less than 0.05 (Supplementary Table 1 ). Among 15 smoking-related DNAm sites, 86.7 % (13 out of 15 sites) exhibited hypomethylation among ''current smokers''. 5 of these 15 (and 23 of the 89 using FDR correction) DNAm sites also associated with current smoking in an independent AA sample with 239 participants (p \ 0.05; Tables 1, 2) . Although a limited number of CpG sites were tested in the replication sample, the two sites in F2RL3 and GRP15 demonstrated association at or near conventional levels of genome-wide significance in both the replication sample as well as the discovery sample. Three DNAm sites, cg13668129 in HNRPUL1, cg01500140 in LIM2 and cg11314684 in AKT3, had p value less than 0.05 in the GTP cohort (Table 2) . However, using a Bonferroni-corrected p value threshold of 0.0033 (15 tests in the replication stage), these three sites were not significantly associated with current smoking status in the GTP cohort. Notably, 13 out of 15 DNAm sites shared the same direction of effects between the discovery and replication samples (sign test p \ 0.001). With additional adjustment for PLC subtypes, all top associations had p values less than 4 9 10 -6 ( Table 2) . 11 of the 15 DNAm sites remained genome-wide significant (nominal p value less than 2.18 9 10 -6 ) after Bonferroni correction for multiple testing.
Eighteen unique DNAm sites were previously reported in Caucasians using 27 K BeadChip. These DNAm sites were reported based on the top five associations with smoking (Breitling et al. 2011 (Breitling et al. , 2012 or the significant associations with FDR-adjusted p value less than 0.05 (Wan et al. 2012) . 8 out of these 18 sites were also significant (Bonferroni-corrected p value \0.05, nominal p value threshold of 2.78 9 10 -3 ) in our AA discovery sample after correcting for multiple testing (18 tests), and had the same direction of effects (Table 3 ). In addition to DNAm sites located in F2RL3 and GRP15, one site located on LIM2 also passed the significance threshold in the discovery sample (i.e., Bonferroni-corrected p value \0.05), and two sites in NCAPD3 and ARHGAP25 had p \ 1 9 10 -5 (Table 3 ). In addition to the DNAm site in F2RL3, eight DNAm sites in three loci were significantly associated with cigarette smoking in a European population using Illumina 450 K chip (Shenker et al. 2012 ). In our replication cohort, all DNAm sites were significantly associated (i.e., Bonferroni-corrected p value \0.05) with current smoking status using the same 450 K platform (Table 3) . The most significant smoking-related DNAm site (cg05575921) located on AHRR with p value of 9.51 9 10 -19 . Among the two replicated smoking-related DNAm sites, cg03636183 (F2RL3) and cg19859270 (GPR15) were both hypomethylated among current smokers (i.e., lower beta value) compared to non-current smokers. The associations remained significant after adjusting for population substructure using the top two principal components of GWAS data with reduced sample size (p = 8.07 9 10 -35 for cg03636183 and p = 5.88 9 10 -10 for cg19859270). In addition, these two DNAm sites were also associated (p = 1.41 9 10 -22 and 5.79 9 10 -11 , respectively) in a dichotomous comparison of ever smokers versus never smokers. After adjusting for multiple testing, no other DNAm site was significantly associated with ever smoker using either Bonferroni or FDR correction. The same trend of methylation (never smoker [ former smoker [ current smoker) was consistent in both males and females (Fig. 1) . Among 405 smokers, the two DNAm sites, cg03636183 (F2RL3) and cg19859270 (GPR15) were both associated with smoking intensity measured by pack-years (p = 6.04 9 10 -5 and 2.16 9 10 -4 , respectively). Methylation sites cg11314684 (AKT3) and cg13668129 (HNRPUL1) exemplify a different type of pattern where former smokers and non-smokers have comparable levels of methylation. However, current smokers have significantly decreased levels of methylation. These DNAm sites suggest fast recovery of methylation status after smoking cessation (i.e., similar levels of methylation between ''never smokers'' and ''former smokers'').
Discussion
In this study, the associations of DNAm sites in F2RL3 and GPR15 with current smoking have been replicated in two African American populations using two array-based platforms. With different definitions of current smoking status between the discovery and the replication cohorts, the replicated associations strongly support the true connection between cigarette smoking and these gene-specific DNA methylation sites. F2RL3 plays a role in platelet activation and cell signaling. A recent study showed that the DNAm in F2RL3 was strongly associated with mortality among patients with stable coronary heart disease adjusted for confounders (Breitling et al. 2012) . GPR15 is homologous to the angiotensin II AT1, AT2 receptors, the 1.00 9 10 -11 a The DNAm site was excluded from analysis due to non-unique probe sequence b DNAm site (cg03636183) in F2RL3 has been previously reported using both 27 and 450 K platforms c Additional adjustment for PLC subtype proportions interleukin 8 receptor beta, the orphan receptors GPR1 and angiotensin receptor-like 1 (Heiber et al. 1996) , and functions as a co-receptor for the human immunodeficiency virus (Okamoto and Shikano 2011) . The hypomethylation of DNAm sites cg03636183 (F2RL3) (Breitling et al. 2011; Shenker et al. 2012; Wan et al. 2012 ) and cg19859270 (GPR15) (Breitling et al. 2011; Wan et al. 2012 ) has been associated with cigarette smoking in epigenetic studies of Caucasian populations. The two sites ranked as the top two smoking-related DNAm sites and shared similar effects in two studies (Breitling et al. 2011; Wan et al. 2012) , however, DNAm site in GPR15 is not significantly associated with smoking in the third study (Shenker et al. 2012 ). In our AA samples, we also replicated DNAm sites in LIM2, NCAPD3, ARHGAP25, APBA2, SLAMF1 and LRRN3 using Illumina 27 K chip, and in AHRR and inter-genic loci of 2q37.1 and 6p21.33 using Illumina 450 K chip, which were previously reported in studies of Caucasian populations. Comparing to the recently study of epigenetic association with smoking exposure during pregnancy (Joubert et al. 2012) , the top associations are mostly different from the smoking-related DNAm sites identified and replicated in this study of adults. However, two DNAm sites close to AHRR gene on chromosome 5, cg05575921 and cg21161138 (26 kb apart), were associated with cigarette smoking in both newborn and adult samples, and were replicated in our GTP cohort. These sites were measured on the 450 K chip, but not on the 27 K chip which was used in our discovery cohort of GENOA. The replication cohort was genotyped by Infinium 450 K chip which includes more DNAm sites proximate to known genes. For the 15 genes with smoking-related DNAm sites in the discovery sample, we also looked for additional smoking-related DNAm sites within the same genes (Supplementary Table 2 ). In the replication sample, besides the two replicated DNAm sites in F2RL3 and GPR15, a different DNAm site (cg05843841) in leucine rich repeat containing 32 (LRRC32) is strongly associated with current smoking (p = 5.96 9 10 -5 ) while the DNAm site (cg13633560) significant in the discovery sample is only marginally significant (p = 0.057). LRRC32 is located in 11q13 region and encodes a type I membrane protein which is a receptor for latent TGF-b, and regulates immune functions. Interestingly, a locus close to LRRC32 was associated with asthma, and was also implicated to be a genetic risk factor for allergic asthma in a large-scale genome-wide association study of asthma .
In addition to modification by environmental factors, the DNAm profile is also partially shaped by genetic variants Numata et al. 2012) . Due to the divergent genetic background and heterogeneous gene-environment interactions across ethnic groups, genetic associations often do not replicate across ethnic groups, particularly between Caucasians and African Americans (Barbalic et al. 2011; Ehret et al. 2011) . We have shown that the association between smoking and DNAm sites in F2RL3 and GPR15 replicates not only across independent populations within the same ethnic group but also across different ethnic groups. Considering the low transferability of genetic association between Caucasians and African Americans, these replicated smoking-related epigenetic changes are more likely to slowly reflect effects of the common environmental factor (i.e., cigarette smoking).
It has been reported that race is associated with global DNAm (Hsiung et al. 2007; Terry et al. 2008; Zhang et al. 2011 ) and individual DNAm sites (Kwabi-Addo et al. 2010; Lam et al. 2012) , but the differences of DNAm between racial groups are not consistent across studies (Axume et al. 2007; Hsiung et al. 2007; Zhang et al. 2011 ). Race is not only confounded with genetic factors but also may be confounded with environmental factors due to differences in culture and lifestyle. The association between race and DNAm may be driven by either genetic, or environmental factors, or both. In this study, we used the top two principal components derived from GWAS data as a proxy for genetic admixture. After additional adjustment for admixture, the DNAm associations with smoking status remain significant, which suggests that the genetic admixture in AAs is unlikely to drive the association between smoking and DNAm change. To further address the possibility that genetic variants could influence smoking-related DNAm, we searched for mQTL (i.e., SNPs associated with DNAm) within 10 kb flanking regions of F2RL3 and GRP15. We did not identify any mQTL with significant association (p \ 0.001) with the two replicated smoking-related DNAm sites in either the discovery samples or the replication samples. This result further supports that the association between DNAm and cigarette smoking is unlikely to be driven by genetic effects correlated with DNAm.
Early-life and adulthood psychosocial environment may affect epigenetics through stress-induced inflammatory process. Lam et al. (2012) recently conducted an epigenome-wide association study in a community cohort, and reported that psychosocial factors (e.g., perceived stress, and cortisol output) as well as early-life socioeconomic status (SES) were associated with DNA methylation. Limited by the availability of similar measurements in the GENOA study, we were not able to assess the associations between the psychosocial and early-life SES factors and DNAm in this study in AAs. Because AAs suffer disadvantageous SES and psychosocial environment, further epigenetic study of these factors may reveal novel biological mechanisms of health disparity in AAs.
DNAm profiles are tissue and cell-type specific Sun et al. 2010) . DNA methylation profiles have been commonly studied in PLC due to the easy access to the biosample. The choice of PLC is meaningful to study certain environmental exposures such as smoking, and chronic conditions involving the circulation and immune system. However, since PLC comprise a mixture of multiple cell types, it is possible that the results reported here and elsewhere reflect smoking-related DNAm changes that influence a single cell type component of PLC. If this is the case, it could potentially explain why the associations between smoking and sites in F2RL3 and GPR15 have a relatively low effect size ( Fig. 1 ; DBeta in Tables 2 , 3) but are highly significant and replicable. Cigarette smoking is associated with shifts in peripheral blood cell populations and among smokers differs by current smoking and time since quitting (Kocaman et al. 2011; Schwartz and Weiss 1994; Smith et al. 2003) . Since different DNAm profiles have been observed in distinct leukocyte subtypes using dozens of samples Koestler et al. 2012) , the association between DNA methylation and cigarette smoking can be confounded by differences in the proportion of leukocyte subtypes between samples. We applied the method developed by Houseman et al. (2012) and adopted by Liu et al. (2013) to project the subtype proportions of each GENOA samples using the 27 K DNAm data. We re-examined the association between DNAm sites and cigarette smoking adjusted for these subtypes of leukocytes including granulocyte, monocyte, natural killer cells (NK), B cell, CD4
? and CD8 ? T cells. The top smoking-related DNA sites remain significant after the additional adjustment for the proportions of leukocyte subtypes. For example, the p values of the three replicated DNAm sites, cg03636183 (F2RL3), cg19859270 (GPR15), and cg13668129 (HNRPUL1), were 6.90 9 10 -42 , 6.04 9 10 -16 , 9.13 9 10 -8 , respectively, all significant after Bonferroni correction of multiple testing. The additional adjustment did not change the significant associations between DNAm sites and smoking dramatically in the GTP cohort either (Tables 2, 3 ). Although we cannot completely rule out the impact of shift of cell populations on DNAm, these replicated results of smoking-related DNAm are not likely to be driven by the shift of leukocyte populations. Future studies of smoking-associated DNAm in a single targeted cell population would be valuable for identifying cell-type specific associations between DNAm and cigarette smoking.
Although we have observed and replicated statistically significant associations between DNAm and cigarette smoking across ethnic groups, we have limited knowledge about the functional consequences of these epigenetic changes, and how they relate to cigarette smoking. Since DNA methylation located in the promoter region often correlates with gene expression, systematic research of both epigenomic and transcriptomic data in the same biological samples may fill this knowledge gap, and improve our understanding of the complex molecular system underlying the pathophysiology of diseases. Along with continuous efforts to promote smoking cessation, elucidating the molecular mechanisms linking tobacco smoke exposure to disease remains important and may provide potential targets for development of adjunctive clinical interventions.
